Docosahexaenoic acid (DHA; 22:6 n-3) is an essential fatty acid required for the normal function of several tissues, especially the brain. Previous studies suggested that lysophosphatidylcholine (lysoPC) is a preferred carrier of DHA to the brain, although the pathways of the formation of DHAcontaining lysophospholipids in plasma have not been delineated. We propose that endothelial lipase (EL), a phospholipase A 1 that plays an important role in the metabolism of high density lipoproteins, may be responsible for the generation of DHA lysophospholipids in plasma. Here we studied the substrate specificity of EL using deuterium-labeled phospholipids with different polar head groups, as well as DHA-enriched natural phospholipids to test this hypothesis. Glycerol-stabilized phospholipids were treated with recombinant EL, and the products were analyzed by liquid chromatography/electrospray ionization mass spectrometry. EL showed the polar head group specificity in the order of phosphatidylethanolamine N phosphatidylcholine N phosphatidylserine N phosphatidic acid. Within the same phospholipid class, the enzyme showed preference for the species containing DHA at the sn-2 position, and was inactive in the hydrolysis of phospholipids containing an ether linkage. Since EL is known to be secreted by the cells of blood-brain barrier, we suggest that it plays an important role in the delivery of DHA lysophospholipid carriers to the brain.
Introduction
The role of omega-3 polyunsaturated fatty acids, in particular docosahexaenoic acid (DHA; 22:6 n-3), in brain development and neurological function has been well established [1, 2] . The deficiency of DHA in the brain markedly affects neurotransmission, membrane-bound enzyme and ion channel activities, leading to neurodegenerative diseases [3] . DHA in membrane phospholipids has profound effects on membrane raft composition and function, membrane receptor activities, and cellular signaling [4] . In addition, the physical properties of the membranes, such as fluidity, phase transition temperature and bilayer thickness are strongly affected by DHA [5] . Because the capacity of the brain to convert α-linolenic acid to DHA is limited, especially in immature animals, it has to be supplied in the diet or derived from other tissues [6, 7] . Dietary n-3 fatty acid supplements including DHA, α-linolenic acid and eicosapentaenoic acid are widely recommended for various populations, especially the infants, elderly, and patients with neurological and mental disorders [8] [9] [10] . The amount of DHA that is actually taken up by brain after ingesting various types of supplements, however, is not clearly established. Unlike other tissues, the brain uptake needs to overcome the blood-brain barrier (BBB), and the transport mechanisms involved for DHA uptake through this barrier are poorly understood.
Studies with whole animals as well as with in vitro systems showed that DHA and other long chain polyunsaturated fatty acids (PUFA) are transported across the BBB more efficiently when they are esterified to lysophosphatidylcholine (lysoPC), compared to free PUFA [11] [12] [13] . Interestingly, this was specific for the PUFA, because the saturated fatty acids were transported to the same extent whether they were in the free form or esterified to lysoPC [14] . However, the pathways by which the DHA-lysoPC is formed in plasma compartment are not fully understood. The long chain PUFA are exclusively in the sn-2 position of plasma phospholipids, and therefore the action of phospholipases A 2 (PLA 2 ) would not generate DHA-lysophospholipids. We have previously shown that plasma lecithincholesterol acyltransferase (LCAT), which is quantitatively the most important enzyme in the hydrolysis of plasma PC, alters its positional specificity in the presence of sn-2 DHA-PC species, resulting in the formation of the sn-2 DHA-lysoPC [15, 16] . In addition, Brossard et al. [17] , and Lemaitre-Delaunay et al. [18] reported that DHA ingested as triglycerides and phospholipids appear as lysoPC in plasma at higher specific activities than PC, suggesting the presence of pathways that secrete DHA-lysoPC from liver or other tissues. Direct hepatic secretion of unsaturated lysoPC has also been reported in rats [19] .
An additional source of sn-2 DHA-lysoPC may be through the action of endothelial lipase (EL), which is expressed in several tissues, and is anchored at the endothelial surface. Recent investigations show that it has more phospholipase activity than lipase activity, but unlike the phospholipases, it specifically hydrolyzes the sn-1 acyl groups from diacyl phosphoglycerides [20] . Thus the PUFA, which are mostly present in the sn-2 position of phospholipids, end up in lysophospholipids rather than in free fatty acids. This enzyme therefore could provide an alternate mechanism by which the sn-2 DHA-lysoPC can be generated in plasma. Furthermore, EL has been shown to be expressed and secreted by brain endothelial cells [21] and astrocytes, the major components of the BBB, and therefore could be involved in the generation of DHA-containing lysophospholipids at the BBB.
Although EL has been shown to be relatively more specific for phospholipids than triglycerides, studies on its phospholipid specificity are limited. Duong et al. [22] , employing reconstituted HDL composed of single species of PC, reported the preferential hydrolysis of PC containing DHA. Gauster et al. [20] reported that in addition to exhibiting PLA 1 activity, EL hydrolyzed some 2-acyl lysoPC generated during the reaction, thus releasing both saturated and unsaturated fatty acids. They also showed that the enzyme did not hydrolyze fatty acids from sn-1 ether PC, confirming the positional specificity of the enzyme for sn-1 acyl ester. However, the specificity of the enzyme for the polar head group of phospholipids was not analyzed. Furthermore, there is no information on the relative specificity of the enzyme in the natural mixtures of PC species. In this study we first analyzed the head group specificity of the enzyme using deuterated phospholipids of identical fatty acid composition. In addition, we studied the fatty acid specificity of the enzyme using phospholipids from a natural source that is rich in DHA-lipids, namely the shark liver lipids. The results presented here show that EL preferentially hydrolyzes PE compared to other phospholipids, and it preferentially releases DHAcontaining lysophospholipids from the natural mixture of phospholipid molecular species.
Materials and methods

Materials
Analytical grade chloroform, methanol, water and ammonia hydroxide were purchased from Sigma-Aldrich 
Purification of polyunsaturated fatty acid-containing PC
Polyunsaturated fatty acid-containing molecular species of PC used in the study were purified from the shark liver PC by HPLC using a silica column (5 μm, 4.6 mm × 250 mm; ID, ZORBAX RX-Silica, Agilent, Apple Valley, MN, USA) as described previously [24] . Briefly, total lipids were extracted from shark liver with 40 volumes (v/v) of ethyl acetate/ethanol (2/1; v/v) while stirring at room temperature for 3 h [25] . After filtration and evaporation of the solvent under vacuum, the lipid extract was mixed with 30 volumes of acetone, and then the solution was stirred at 35°C for 1 h. The solution was filtered, and the filtrate was kept at − 20°C for 18 h. The precipitated phospholipids were collected again by filtration at − 20°C. This preparation contained 80% PC, 15% lysoPC and 5% of other lipids, as shown by thin-layer chromatography. The PC preparation was further purified by silica column chromatography using chloroform/methanol (50:50; v/v). The PC preparation thus obtained was used to prepare PUFAenriched PC by silica HPLC, as well as for the preparation of PS, PE, and PA by transphosphatidylation.
Transphosphatidylation of phospholipids
Phospholipids with various polar head groups, but identical fatty acid composition were prepared by transphosphatidylation [26] of PC. Thus deuterated PS, PE, and PA were prepared by transphosphatidylation of 16:0 (d 31 )-18:1 PC (25 mg) using phospholipase D (Streptomyces sp) (1 Unit). Similarly, phospholipid molecular species enriched in PUFAs (N45% DHA-PC) were prepared from shark liver PC as described above. The molecular species composition of shark liver PC analyzed by mass spectrometry is shown in Table 1 .
For a typical preparation of polyunsaturated PE, a mixture of 2 mL of acetate buffer (0.2 M; pH 5.5), containing 40 mM of CaCL 2 and 400 mg of ethanolamine, was prepared in a 20-mL glass disposable vial, and the pH was adjusted to 5.5 with glacial acetic acid. The mixture was added to another vial that contained 100 mg of shark liver PC. After the vial was flushed with argon, the reaction was started by adding 5 Units of phospholipase D (Streptomyces sp), and was carried out for 15 h in a final volume of 2 mL at 45°C on a metabolic shaker. Total lipids were extracted with 20 mL of a mixture of chloroform/methanol 2/1 (v/v) and 2 mL of water. The upper phase was re-extracted with 10 mL of chloroform, and the combined lipid extracts were concentrated under nitrogen, and subjected to silica gel column chromatography. The PA (formed as by product in all preparations) was eluted with a mixture of chloroform/methanol (90/10, v/v), and the PE was eluted with a mixture of chloroform/methanol (70/30, v/v). The deuterium labeled substrates 16:0(d 31 )-18:1 PE and 16:0(d 31 )-18:1 PA were prepared from 16:0(d 31 )-18:1 PC, as described above, and the purity of these compounds was assessed by LC/MS (Fig. 1 ).
Identical procedures were followed for the preparation of DHA-enriched PS from the liver PC (Table 1) 
Preparation of lipid substrates
The glycerol-stabilized emulsions of a quaternary mixture of equal amounts PA, were prepared as described [28] with a slight modification. The four deuterium-labeled lipids (500 μg each) in methanol/chloroform (2:1; v/v) were added into a test tube and taken to dryness under nitrogen. Cholesteryl oleate (36 mg) and glycerol (2 mL) were added to each tube, and the mixtures were sonicated on ice for 3 min followed by 1 min sonication at room temperature. The glycerol-stabilized emulsions of DHA-enriched natural phospholipids were prepared similarly.
Assay of enzyme activity and specificity
The reaction mixture contained 100 μl of the glycerol-stabilized phospholipids, 60 μl of water, 20 μl of Tris buffer (1 M), 20 μl of 15% bovine serum albumin and 200 μl of the EL preparation (conditioned medium) in a final volume of 400 μl. The reactions were started by the addition of the enzyme, and the samples were incubated at 37°C for 30 min in a water bath. Total lipids were extracted by the method of Bligh and Dyer [29] after adding the internal standards, and were analyzed by liquid chromatography/electrospray ionization tandem mass spectrometry (LC/ESI-MS/MS) and liquid chromatography/electrospray ionization mass spectrometry (LC/ESI-MS), as described below. 5 μg/mL each for the diacyl phospholipids and 1.0 μg/mL each for lysophospholipids, were added before lipid extraction. LC analyses were performed using a silica HPLC column (3-μm, BETASIL Silica-100, 2.0 × 150 mm; Thermo, Foster City, CA. USA). Twenty μL of the samples was injected into the LC column, and the flow rate was maintained at 0.35 mL/min. The source temperature was set at 350°C. The lipids were eluted with a linear gradient of 100% solvent A (chloroform/ methanol/30% ammonium hydroxide, 80:19.5:0.5; v/v) to 100% solvent B (chloroform/methanol/water/30% ammonium hydroxide, 60:34.5:5:0.5; v/v) for 15 min, then in 100% solvent B for another 15 min [24] . Deuterium-labeled PE and PC species, as well as 18:1 lysoPE and 18:1 lysoPC species were quantitatively analyzed by the positive-ion neutral loss scan of 141 Da (for ethanolamine phospholipids), and the positive-ion precursor scan of 184 Da (for choline phospholipids). Collision energy was − 28 V for ethanolaminecontaining lipids and −30 V for choline-containing lipids [30, 31] . Calibration curves for deuterated PC and PE were obtained by using 6 concentrations of the deuterated lipid (10, 20, + ions of the lipids were generated at the unit resolution, and intensities of the peaks were used to both plot the curves and calculate the concentrations of the lipids.
The deuterium-labeled PS species were quantitatively analyzed [31] using the negative-ion neutral loss scan of 87 Da, characteristic of deprotonated molecules of serine-containing lipids, using 16:0-16:0 PS (50 ng) as internal standard, while PA species were analyzed using precursor ion scan of 153 Da, using 16:0-16:0 PA (50 ng) as internal standard. Collision energy used was +30 V and +45 V for PS and PA, respectively. Linear calibration curves ranged from 50 to 500 ng for deuterium-labeled PS (y = 0.0034x + 0.2637; R 2 = 0.95) and for deuterium-labeled PA (y = 0.0043x + 0.1456; R 2 = 0.96).
Analyses of DHA-enriched species of PC, PE, PS and PA
Both the positive-ion LC/ESI-MS (for PC assay) and the negative ion LC/ESI-MS (for PE, PS and PA assay) were performed on a Micromass Platform ions of the molecular species of shark liver PC, based on three replicate analyses by LC/ESI/MS. c An 'a' preceding the name of the species indicates 1-alkyl-2acyl species, while a 'p' preceding the name indicates 1-alkenyl-2acyl species.
LC/MS system (Micromass, Manchester, UK), equipped with a standard ESI source, and a quadrupole analyzer. Molecular species of the phospholipids and corresponding lysophospholipids were separated on a silica HPLC column as described above. The mass scanning range was from 350 to 1000 Da. Each sample of phospholipids was analyzed three times. LC/ESI-MS full-scan negative-ion mass spectra of PE, PS and PA and positive-ion mass spectra of PC (all averaged over the elution time) were used to determine the percentages of molecular species of the lipids in controls and EL-treated samples. The reproducibility of the analysis was within 15% for major components and better than 20% for minor species. 
Results
Substrate selectivity of EL for phospholipids with various polar head groups
The substrate specificity of EL for polar head groups of the phospholipids was first studied using d 31 Fig. 2A and C) and EL-treated samples ( Fig. 2B and D) . These results show that EL hydrolyzes preferentially PE compared to PC, with the hydrolysis rates of 53.4% and 36.6%, respectively (Fig. 3) .
Identical procedures were followed for quantitative analyses of 16:0 (d 31 )-18:1 PS and 16:0 (d 31 )-18:1 PA species extracted from both controls and EL-treated samples (spectra not shown). Results indicated that EL prefers PS to PA, with the hydrolysis rates of 17.9% and 7.8%, respectively. Both PS and the PA are, however, poor substrates compared to PE and PC. Fig. 3 shows the results obtained with the mixture of equal amounts of deuterium-labeled 16:0-18:1 substrates after 30-min incubation with EL. These results clearly show that the substrate specificity of EL is in the order: PE N PC N PS N PA.
The levels of sn-2-18:1 lysoPE and sn-2-18:1 lysoPC were also analyzed from the above samples, using sn-1-16:0 lysoPE and sn-1-17:0 lysoPC as internal standards (Fig. 4A and C) . These results are in good agreement with those calculated from the loss of the deuterium-labeled diacyl phospholipids. The level of sn-2 18:1 lysoPE in EL-treated samples (Fig. 4B) is relatively higher than that of sn-2 18:1 lysoPC (Fig. 4D) . There was no formation of 16:0(d31) lysoPC (m/z 527) or 16:0(d31) lysoPE (m/z 485) confirming the specificity of the enzyme for the sn-1 position. It should, however, be pointed out that quantitative analyses of sn-2-18:1 lysophospholipids could be affected by the lipid background in the low mass range (below 500 Da). The use of sn-1 lysophospholipids as both reference compounds and internal standards in quantitatively analyzing sn-2 lysophospholipids by mass spectrometry may also give rise to some error due to slight differences in peak intensities. These results, however, provided confirmatory data to support the conclusion that EL prefers PE over PC as substrate.
Substrate specificity of EL for DHA-enriched species of phospholipids
To determine the substrate preference of EL among various phospholipids enriched in sn-2 DHA species, we prepared individual phospholipids containing similar fatty acid composition by transphosphatidylation of shark liver PC, followed by chromatographic purification. Although some differences in monounsaturated fatty acid percentages were still present because of the apparent preference of phospholipase D for certain PC species, all the phospholipids contained at least 45% of DHA-species, on the basis of mass spectrometry. The results show that DHA was present in about 56% of PC molecules, about 48% of PE molecules, about 54% of PS molecules, and about 46% of PA molecules (see also Tables 2-5). Although different phospholipid molecular species ionize to different extent, the method allows us to monitor the alteration of individual DHA-containing lipid molecule from multiple phospholipid substrates containing DHA. The structural identification of shark liver PC species will be described in detail elsewhere.
3.3. Substrate specificity of EL for glycerol-stabilized DHA-enriched PC species (Table 2 ). These specificities were further confirmed by the appearance of lysoPC species after the reaction. These results clearly show an increase (Fig. 5C ), while these species are absent in control sample (spectrum not shown).
3.4. Substrate specificity of EL for DHA-enriched PE molecular species Fig. 6 shows the negative-ion LC/ESI-MS spectra of PE controls (A) and EL-treated PE samples (B). As shown in Table 3 The sn-1 ether PEs were not hydrolyzed, as expected from the known positional specificity of the enzyme. These specificities were further confirmed by analyzing the lysoPE species formed after the enzyme reaction. There was a clear increase in the sn-2 22:6 lysoPE (m/z 524.5) and the sn-2 22:5 lysoPE (m/z 526.5) (Fig. 6C) .
Substrate specificity of EL for DHA-enriched PS and PA species
Compared to the PC and PE species, the hydrolysis of PS species by EL was much lower (Table 4 ). There was a significant decrease in the percentage of 18:0-22:6 and 18:0-22:5, Table 2 Percentages of DHA-enriched PC species after 30 min treatment by EL All values mean ± S.D. of 3 analyses. a An 'a' preceding the name of the species indicates 1-alkyl-2acyl species. (Table 5 ). This result was confirmed by the low levels of the sn-2-lysoPA 22:6 (m/z 481) and 22:5 (m/z 483) produced after EL-treatment (spectra not shown).
Discussion
EL is the newest member of the lipase family that is expressed in several tissues including brain [21] . It is unique among the lipases in having a substrate preference predominantly for phospholipids, and in not requiring bile salts or apoproteins for its action on phospholipids. The activity of this enzyme has been shown to be inversely correlated with HDL levels in the plasma, showing its role in HDL metabolism [32, 33] . The aim of the present study was to investigate its potential importance in the delivery of DHA to tissues such as the brain that are heavily dependent upon DHA and other polyunsaturated essential fatty acids. Previous studies have established the positional specificity of EL for the sn-1 ester bond of PC [20] , although the fatty acid at the sn-2 position appears to strongly affect its activity [22] . Duong et al. [22] suggested that the presence of PUFA at sn-2 influences the binding of the enzyme to the lipid surface. In general, binding of the phospholipases to the lipid surface is regulated more by the surface charge (polar head groups) than by the acyl groups. Of the phospholipase activities present in plasma, secretory PLA 2 (sPLA 2 ) group IIa, is inactive against PC, but hydrolyzes PS and PA [34] , while sPLA 2 group V and group X hydrolyze both PE and PC efficiently [35] . Hepatic lipase, which also plays an important role in the hydrolysis of HDL phospholipids [36, 37] , has been shown to hydrolyze PE more efficiently than PC [37, 38] . LCAT, which hydrolyzes more phospholipids than any other enzyme in plasma, hydrolyzes PC and PE equally, and has little activity towards PS and phosphatidylinositol [39] . It is therefore necessary to determine the effect of the polar head group on the phospholipid specificity of EL. Although the fatty acid specificity of the enzyme has been studied using PC species of defined fatty acid composition, the phospholipid head group specificity of EL has not been established. Using deuterium labeled lipid substrates of identical fatty acid composition (sn-1 16:0-sn-2 18:1), we show for the first time that PE is a better substrate for EL than PC, while PS and PA are poor substrates. PE is a minor component of plasma phospholipids, comprising about 5% of total phospholipids [40, 41] . However, the PUFA content of plasma PE is greater than that of plasma PC [42] . Feeding omega-3 fatty acid to humans increases the DHA content of membrane PE more than that of membrane PC [42] , and the administration of bovine brain PS significantly raises the level of plasma DHA-PE [43] . Therefore PE could be an important source of DHA for the brain, through the generation of DHA lysoPE by the action of EL. Quantitatively, however, since the lyso PC containing DHA would be the major product of the enzyme, the predominant vehicle for DHA delivery may still be lysoPC. It should also be pointed out that regardless of the polar head group, the preference of EL for phospholipid species containing sn-2 DHA is evident from our studies.
The fatty acid specificity of the enzyme for various molecular species of PC was determined using a natural mixture of PCs obtained from shark liver. For comparison purpose, we have also prepared PE, PS, and PA species of similar composition using the transphosphatidylation reaction. It should be mentioned that the phospholipase D used here for the transphosphatidylation reaction appears to show some preference for the polyunsaturated species, and therefore the PE, PS, PA products were not of exactly the same fatty acid composition as the PC substrate. Nevertheless, the fatty acid specificity obtained with the natural mixtures of molecular species of phospholipids agrees with the studies of Duong et al. [22] who compared the activities obtained with rHDL containing single molecular species of PC. The use of mixture of natural phospholipids is important in understanding the physiological specificity of the enzyme, as well as for studying the efficacy of dietary supplements. Although shark liver PC contains relatively high percent of sn-1 ether-sn-2 DHA PC, the diester PCs containing DHA are preferred by the enzyme. Consequently, the DHA-lysoPC is the predominant product of the reaction.
Since the DHA-containing phospholipids are minor components of the lipoprotein phospholipids [44, 45] , the selectivity of EL for the DHA-PC and DHA-PE may be important in the generation of lysoPC and lysoPE containing DHA, especially at the BBB. Studies by Bernoud et al. [11] showed a preferential transport of sn-2 DHA-lysoPC through the BBB in vitro. While no studies have been carried out with lysoPE, it is likely that this lipid is also transported in preference to free DHA across the BBB. Studies in whole animals also showed that the lysoPC species containing PUFAs are preferentially transported into brain as compared to the corresponding free fatty acids. These results therefore suggest a possible role for EL in the generation of DHA-lysoPC, and subsequent transport of DHA into the brain. Although Gauster et al. [20] reported that EL exhibits a weak lysophospholipase activity in prolonged incubations with native HDL 3 , we did not observe significant hydrolysis of lysoPC under the conditions of our assay, as evident from the good correlation between the loss of PC species and the appearance of lysoPC species.
The long-term goal of our studies is to determine the efficacy of various DHA supplements in increasing the brain DHA concentration. Most of the supplements in the market are either triglycerides or ethyl esters of omega-3 fatty acid, and DHA from these supplements is incorporated predominantly into triglycerides, or into sn-2 position of phospholipids. Although small amounts of DHA can be transferred into the brain in the form of free fatty acid [46] , DHA in the form of lysoPC appears to be more efficiently transported across the BBB [11] [12] [13] [14] . Therefore, we investigated the possible mechanisms of the formation of DHA containing lysophospholipids. There are at least two enzymes in plasma that can generate 2-acyl DHAlysoPC. One is LCAT, which is a modified phospholipase A that normally transfers the acyl group from the sn-2 position of PC to cholesterol [47] . This enzyme, however, transfers the sn-1 acyl group when the sn-2 position is occupied by DHA, possibly because of the limitation of the active site in accommodating DHA [44] , thus generating DHA-lysoPC. The second is EL, which, as shown here, prefers DHA-containing phospholipids as substrates, and generates 2-acyl DHA lysoPC or lysoPE. The secretion of EL by the cells of BBB [21] , and its substrate specificity for DHA phospholipids suggest that it may be an important enzyme for the transport of DHA into the brain. A third enzyme, hepatic lipase, also has the potential to generate DHA-lysoPC, but it appears to be specific for non-DHA PC species [22] . The presence of sn-1 and sn-2 DHA-lysoPC has been demonstrated in both human and rat plasma [48] . The relative importance of the two enzymes in this process is not clear. It would be of interest to know whether the transport of DHA into brain is impaired in the EL −/− mice.
